FTUV/94-72 
IFIC/94-69 
hep-ph 9502237 

February 1, 2008 



NOVEL SCALAR BOSON DECAYS IN SUSY 
WITH BROKEN R- PARITY 

F. de Campos, f\ 
M. A. Garcia-Jareno, [] 
Anjan S. Joshipuraf] 
J. Rosiek| 

and 

Jose W. F. Valley 

Instituto de Fisica Corpuscular - IFIC/C.S.I.C. 
Dept. de Fisica Teorica, Universitat de Valencia 
46100 Burjassot, Valencia, SPAIN 

Abstract 

R parity violation can induce mixing of the supersymmetric Higgs bosons with 
the sneutrinos at the tree level. We study the effect of this mixing on the decays of 
Higgs scalars as well as sneutrinos in an effective model where the violation of R 
parity is included in the minimal supersymmetric model through bilinear lepton 
number violating superpotential terms. We show that a small violation of R 
parity can lead to a sizeable branching ratio for the supersymmetric Higgs boson 
decay mode H — * x^ (where x denotes an electroweak gaugino and £ is either 
a tau neutrino or a tau lepton). Relevant constraints on R parity violation as 
well as those coming from SUSY particle searches still allow the decay H — * x^ 
to compete with the conventional decay H —* bb, at least for some ranges of 
parameters of the model. Moreover, the tau sneutrino will have dominant R 
parity violating decays to standard model fermions bb, t + t~ or to the invisible 
mode vv whenever the phase space for R parity conserving channels is closed. 
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1 Introduction 



The minimal supersymmetric standard model (MSSM) JT| provides an attractive gener- 
alization of the standard electroweak theory and its phenomenology is quite well studied 
0. In analysing the consequences of the MSSM one usually assumes || the conserva- 
tion of a discrete Z2 symmetry, called R parity, distinguishing matter fields from their 
superpartners. Given the importance of this assumption and the fact that it does not 
follow on any general grounds, it is important to analyse the possible implications of 
relaxing it in phenomenological studies of supersymmetric models. Considerable effort 
has gone into studying consequences of R parity violating versions of the MSSM 
T0|| , as well its extensions which realize the spontaneous violation of R parity | IT| , |T2 |. 



The breakdown of R parity and that of the SU(2) <g> U(l) symmetry can result in 
the mixing of the ordinary particles with the superparticles having the same electric 
charge and spin. Thus the R parity violation could lead to mixing of (i) gauginos 
(A) with leptons (£) and (ii) Higgs bosons with sleptons (£). The consequences of the 
gaugino-lepton mixings have been analysed in many papers 0, [/J. Such mixing leads 
to neutrino masses [|], [It], |13| and decays |L4| , as well as to R parity violating Z decays 



such as Z -> \ + £ Q. 

In contrast to the A — i mixing, the consequences of the mixing of Higgs bosons 



with sleptons are relatively less explored || ^, 1C]. This mixing could have important 
implications in the Higgs sector. For example, it was shown recently in ||, that one 
could violate CP spontaneously in the MSSM as a consequence of such mixing. Here we 
study an important consequence of the H — v mixing, namely, the possibility of Higgs 
boson decays into gauginos and leptons. These decays differ from the corresponding R 
parity violating Z decays in an important way. 

Various experimental constraints on the magnitude of R parity violation restrict 
the x ~ ^ mixing and hence the attainable values of the branching ratios for R parity 
violating Z decays to be at the level of O (10~ 5 ) or so [|T^] and therefore within the 



sensitivities of the LEP experiments. Similar constraints also limit the amount of 
mixing between the Higgs bosons and the sleptons. However, in contrast to the Higgs 
boson, which mainly decays through Yukawa couplings, the sleptons decay through 
gauge interactions. This can compensate for the smallness of the Higgs-slepton mixing, 
opening the possibility for sizeable R parity violating Higgs boson decays. 
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In fact, as we will show explicitly, if allowed kinematically, the SUSY decay e.g. 
H — > (x being here lightest neutralino, often assumed to be also the lightest super- 
symmetric particle - or LSP, and £ being in this case the v T ) can become comparable 
or even dominate over the conventional decay to bb pair for some ranges of SUSY 
parameters. 

The H — v mixing can also have sizeable effects on the sneutrino decay pattern 
as well. If, as usually assumed in the MSSM, one of the neutralinos is the lightest 
super symmetric particle, the sneutrinos will decay to the LSP and a neutrino. If not, 
then the sneutrinos will only have three body decay modes. In contrast, in the present 
case, if all neutralinos are heavier than the sneutrino, the latter would dominantly decay 
to non supersymmetric channels, for example bb pairs (through the H — v mixing) or 
to vv pairs (through x° — v mixing). Similar decays to tau pairs would also be induced 
by X ~ T mixing. The existence of such new sneutrino decay modes can significantly 
influence the conventional strategy for sneutrino search. 

In this note, we explore the interesting range of the allowed parameter space of 
the MSSM for which the decay H — > x^- is comparable to the standard decay mode 
H — > bb and discuss the possible signatures associated with this SUSY decay mode. 
We also show that, quite generally, the R parity violating sneutrino decay channels 
to standard model fermions are dominant below the threshold for R parity conserving 
supersymmetric decay channels. 

2 Basic Framework 

The MSSM is characterised by the following superpotential, written in standard nota- 
tion: 



(1) 



One could also add to this the following R violating terms 



W R = e ab [\ jh LlL)E° + K jk L1Q)D c k + e^l 



(2) 



where we have omitted the baryon number violating terms || whose presence along 
with terms in eq. (0) would lead to fast proton decay. 
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In what follows we will focus only on the effect of the bilinear R parity violating 
term in eq. (fj), which is the only one to have a direct effect on the physics of the 
neutral Higgs boson sector. This term, characterised by strength parameters e^, plays 
a crucial role in generating Higgs-slepton and gaugino-lepton mixing at the tree level. 

The scalar potential contains the standard soft supersymmetry breaking as well 
as supersymmetric terms following from the superpotential in eq. ([!]) and eq. The 
neutral part of the potential can be written as 

Vm gg s = m^^ + m^sp + mi^^^^ + A^!! 2 -^^^^^) 2 

+ [fie^u* + B 1 fim 3/2 <i) 1 <j)2 + B 2 eimz/2(j>2T>i + h.c. (3) 

where (fii^ = H® 2 and A = |(g 2 + g' 2 ), with g and g' denoting the SU{2) and U{\) 
couplings. The terms involving parameters e« are generated by the R violating terms 
in eq.(2). As a result of these terms, sneutrino fields invariably acquire a nonzero VEV 
0, |8], [15| . For definiteness we assume that only e 3 is non-zero " . 

Above the electroweak (and supersymmetry) breaking scale it is always possible 
to redefine the L 3 and Hi superfields so as to eliminate the bilinear term L 3 H 2 from 
the superpotential. However this does not mean that an analogous term is not present 
in the scalar potential. Indeed, the redefinition of L 3 and Hi through the orthogonal 
transformation 



fiHi + e 3 L 3 



j, _ —E3H1 + \iL 3 

L 3 — - 



(4) 

does not leave the scalar supersymmetry breaking mass terms invariant, since they are 
not expected to be universal below the unification scale. This implies that, after the 
substitution made in order to remove the L3H2 term from superpotential, one generates 
a linear term in the scalar potential for the slepton field, as a result of which a non-zero 
VEV for the scalar neutrino is induced. 

The potential in eq. (|f) is minimized for 

Vi[m\ + Ac] + Bifim 3 / 2 v 2 + fie 3 v 3 = 



"By neglecting t\ and £2 we are safe from the point of view of possible baryogenesis constraints 
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v 2 [m\ - Ac] + B 1 /j,m 3 / 2 v 1 + B 2 e 3 m 3/2 v 3 = 
v 3[ m L 3 + + e 3 [B 2 m 3 / 2 v 2 + fxvi] = 



(5) 



where = (0 2 ) = (^3) = ^ and c = (t> 2 — t> f + The presence of a non- 
zero v 3 leads to mixing of the scalar (pseudoscalar) Higgs with the scalar (pseudoscalar) 
component of the sneutrino. The relevant mass matrices are now given by 



M 2 R 



\ 

m\ + Ac + 2\v\ -\viv 2 + B 1 fim 3 / 2 \viv 3 + fie 3 
-\viv 2 + Binm 3 / 2 to 2 , - Ac + 2Aw| -\v 3 v 2 + B 2 e 3 m 3 / 2 
\viV 3 + /ie 3 -AW3W2 + B 2 e 3 m 3/2 m\ z + Ac + 2Aw| 



(6) 



M 7 2 = 



Ac -B 1 fim 3/2 fie 3 
-Bifim 3 / 2 to 2 - Ac -B 2 e 3 m 3 / 2 



\ 



(7) 



y /ze 3 -B 2 e 3 m 3/2 m\ z + Ac 

The e3-dependent terms in the above equation lead to Higgs-sneutrino mixing and 
causes the R parity violating Higgs bosons decay modes. In order to see the effects of 
these decay modes note that the decay of Higgs to x an d v occurs either through the 
sneutrino component of the lightest Higgs boson = h, 



h = a 3 i(u) R + a 2 i((f) 2 ) R + a n (4>i)R 



(8) 



(where the subscript R denotes the real part), or through the v T admixture in the 
lightest neutralino in the hxx vertex. 

The relative importance of the SUSY decay mode h — > x v follows from the ratio 



R 



w 



M 



w 



'\-m\jMlf 



'-31 



cos 2 /3|e| 2 (9) 



F(h ^bb) 2 \m b J Am 2 b /M 2 H fl 2 ) a\ x 

where £ denotes the appropriate gaugino mixing factor specifying the direction of the 
LSP. Although less likely kinematically, one may also have decays of supersymmetric 
Higgs bosons into charginos and taus. The relative importance of this decay mode 
follows from the ratio 



T{h^x + r- +X-t + ) 

r(h -> bb) 



{l-ml/Mlf \a 



31 



2 / M w 

3 Km^J V(l - 4m 2 /M^)3/2 J a 2 u 



cos 2 /3|e'| 2 10) 



where £' is the wino-lightest chargino mixing element. 



Similarly one can induce tau sneutrino decays to normal standard model fermions 
due to R parity breaking either in the scalar sector or in the chargino or neutralino 
sectors. As we will discuss later, the tau sneutrino will have dominant R parity violating 
decays to standard model fermions whenever the phase space for R parity conserving 
channels is closed. 

In determining these branching ratios one has also to identify mass eigenstate 
charged and neutral fermions, which follow from the corresponding neutralino and 
chargino mass matrices. First we give the neutralino matrix, expressed in the basis 
-iB, -iW 3 , til, ti° 2 , v T : 



( 



M x o = 



\ 



V 



xM 





a vi 

2 


.9 V2 
2 


g V3 

2 





M 


gvi 

2 


gv2 
2 


gv 3 
2 


g'vi 
2 


gvi 
2 





-/! 





g'v2 
2 


gv2 

2 


-n 







g'v3 

2 


gv 3 
2 





£3 






(11) 



/ 



where M denotes the gaugino mass and we assumed the GUT unification hypothesis 
2fl - -0.5 



x 



For charginos one has the following mass matrix M x ± , written in the basis where 
the rows correspond to (— iW~, hi,r£) while the columns stand for (— iW + , h^, rj£): 



M x± = 



V 



M 


gvi 

V2 


gv3 


gv2 


fi 


-£3 





I133V3 
V2 


-fl33Vl 
V2 



(12) 



From the above formulas one expects that a modest mixing (~20%) between the Higgs 
boson and the sneutrino can give rise to a sizeable branching ratio for R parity violating 
Higgs bosons decay modes. The same phenomena may also occur in the decays of the 
pseudoscalar Higgs bosons. This will happen for moderate €3 values (which correspond 
to phenomenologically acceptable v T masses), if the sneutrino mass is close to the mass 
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of the Higgs boson, where by sneutrino we mean a state that is more than 50% along 
the original weak basis sneutrino, with the corresponding labeling for the Higgs case. 
As we will demonstrate, it is indeed possible to obtain the required amount of mixing 
satisfying all the relevant constraints on the magnitude of the R parity breaking that 
follow from experiment. 



3 Constraints 

We now turn to a more detailed analysis which includes all relevant constraints on the 
parameters. The major constraint on €3 and hence on R parity violating mixings comes 
from the neutrino mass. Both the non-zero €3 and V3 induce the mass for the u T . This 



follows from the structure of the neutralino mass matrix M x in eq. ([Tl]) . This matrix 



is of the seesaw form and results in the following mass for the neutrinos [10 



_ xg 2 + g' 2 (jws + vietf 

Vt ~ 2/i \-2xnM - v lV2 (xg 2 + g> 2 )] 1 ' 

Since m Vr is constrained to be < 31 MeV Wh -, e 3 is correspondingly restricted. The 



constraints on R parity conserving parameters come from the non-observation of the 
SUSY particles at LEP1. 

Using the minimization equation, one could express all the elements of the var- 
ious mixing matrices in terms of six independent parameters which we choose as 
tan/3 = / 1 2 + 2 ' t ne I 1 parameter, the pseudoscalar mass parameter m 2 A = m\ + m|, 
the gaugino mass parameter M, the soft sneutrino mass parameter rriL 3 H, and, finally, 
the parameter £3. This last parameter €3 is absent in the standard R parity conserving 
MSSM case. As we will see, this parameter is directly constrained by the tau neutrino 
mass. 

In our present analysis we have taken into account the following constraints on 
the model parameters: 

• The tau neutrino mass bound following from the direct searches in the laboratory 
[ p"7j| . Requiring m Vr to be < 31MeV restricts the parameters in eq. (|T3|). On the 
other hand, the cosmological arguments based on the closure density impose much 



'For simplicity we choose the parameter 7 = -g 2 - to be 1 
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stronger constraints [|T^]. Indeed, a stable tau neutrino heavier than about 50 
eV is cosmologically forbidden. However, this problem is easily solved in models 
where the violation of R parity is spontaneous, since in this case the theory 



contains a Goldstone boson, called majoron [19, 20]. The v T is then unstable 



decaying to a lighter neutrino plus majoron |2l], ^] and thereby avoiding an 
excessive relic neutrino abundance [Q. Another cosmological constraint follows 
from big bang nucleosynthesis [23|. However it seems reasonable to consider 
the less conservative limit of 31 MeV on m Ur , since, even in the absence of a 
majoron, the off-diagonal coupling of the Z to v T and a lighter neutrino can lead 



to a cosmologically safe decay for the v T into three neutrinos |2T|, |24| . Note that 
such couplings would arise in the present case once the parameters (assumed 
here to be zero for simplicity) are turned on. Although much less efficient than 
the majoron decay channel, this decay is enough for the case of large v T masses, 
where the R parity violating effects discussed here can be sizeable. 

The lightest of the charginos should be heavier than ~ 45 GeV as required by 
present negative result of supersymmetric searches at LEP. 

Z decays to chargino and neutralinos may affect the partial Z decay widths, which 
should obey the present restrictions imposed by LEP. For the case of charginos 
this constraint follows automatically from to the previous one, while for the 
neutralino case it depends on SUSY parameter values 



We have scanned the region of parameter space which is consistent with the above 
constraints and for which the decay of supersymmetric Higgs bosons to LSP and neu- 
trino (H — > x° + v T ) is kinematically allowed. For definiteness, we have restricted our 
considerations to the case of CP even Higgs bosons. The R parity violating decays of 
pseudoscalar Higgs bosons A — > x° + v r an d A — > + r=F can be investigated in a 
similar way. 

The mixing 031 appearing in eq. @ and the analogous one for the pseudoscalar 
case will become significant if the sneutrino mass is close to the mass of the relevant 
Higgs boson. 
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4 Results 



Our results for R parity violating supersymmetric Higgs boson decays are summarized 
explicitly in figures f to 6. 

In fig. 1 we display the branching ratios for CP even Higgs decays to LSP plus 
neutrino as a function of the relevant Higgs boson-sneutrino mass difference, for a 
suitable choice of SUSY parameters, specified in the figure. In fig. 2 we display the 
corresponding "standard" bb decay branching ratio for the same illustrative choice of 
parameters. Clearly, for relatively small Higgs boson-sneutrino mass differences of a 
few GeV or so, the supersymmetric channel can dominate over the standard one. 

Conversely, it is possible in our model to substantially affect sneutrino decay pat- 
terns, as the tau sneutrino may decay into R parity violating standard model channels 
such as bb, t + t~ or the invisible mode vv. Indeed, these decays are the dominant ones 
whenever the phase space for the R parity conserving channels such as \ v is closed. 
This is seen from figures 3, 4 and 5. For example, for the choice of parameters given 
in fig. 3 the mass of the lightest chargino is around 120 GeV. This explains the drop 
in the branching ratio for sneutrino to vv at this value of the sneutrino mass as, above 
this threshold, the supersymmetric decay channel would be open. This illustrates how 
the sneutrino decay branching ratios into non-supersymmetric channels can be sizeable 
when the supersymmetric channels are kinematically forbidden. On the other hand, fig. 
4 illustrates that there is a resonant enhancement of the bb and t + t~ decay branching 
ratios for sneutrino masses close to the lightest CP even Higgs boson mass. 

The same effects can also be seen from fig. 5, which corresponds to the tan (3 = 10, 
M 2 = 70 GeV, pL = 200 GeV, e 3 = 1 and = 250 GeV. Clearly, for sneutrino masses 
below the threshold for LSP production (about 60 GeV in this case) the R parity 
violating standard model channels such as bb are dominant. Moreover, they may be 
nonnegligible even above the supersymmetric threshold, provided the sneutrino masses 
lies close to the lightest CP even Higgs boson mass, leading to a resonant enhancement 
of the bb or t + t~ decay branching ratios as discussed above. For the parameter set 
used in fig. 5 this corresponds to m h = 155 GeV and « 150 GeV and leads to the 
small rise which can be seen from this figure. Note also that, for tau sneutrino masses 
below the supersymmetric threshold, although the sneutrino will be the LSP, it clearly 



8 



will be unstable, since R parity is broken, leading to visible signals (such as a bb pair), 
not necessarily missing momentum. These novel features may be quite important in 
designing strategies to search for the sneutrinos in our model. 

As a final remark to close this section we note that there is a wide class of processes 



which exhibit R parity violation outside Higgs boson sector ||25|| . For definiteness, we 
calculate in this model, as an example, the corresponding R parity violating Z decay 
branching ratios [0 . We focus on the most characteristic one, namely single chargino 
production in Z decays. In fig. 6 we display the corresponding branching ratios for 
Z decays to the lightest chargino plus a tau of either charge, as a function of the 
relevant v T mass, after varying the SUSY parameters over a reasonable range, specified 
as -250 GeV < // < 250 GeV and 30 GeV < M 2 < 200 GeV and fixing the remaining 
relevant parameters as follows: tan/5 = 5, = 50 GeV, = 200 GeV, 

7 =1. Clearly, in this model these branching ratios are within the reach of the LEP 
experiments, for the same range of 63 or itl Vt masses for which the novel scalar boson 
decays modes suggested here are also sizeable. 



5 Discussion 

We have demonstrated in this paper that for some ranges of parameters of the MSSM 
model, the supersymmetric decay modes of the Higgs bosons can be comparable to their 
conventional decays. This feature can influence the supersymmetric Higgs boson search 
strategies in a substantial way. Note that the R parity breaking terms responsible for 
Higgs-sneutrino mixing also lead to the decay of the LSP %■ Therefore the neutralino 
emitted in Higgs decays would be unstable and decay inside the detector if e 3 ~ few 
GeV. The LSP decay modes in this case will consist of lepton + fermion-anti-fermion 
pairs P^j. For example, the R parity violating Higgs boson decays to the LSP, followed 



by the charged or neutral current mediated LSP decays would give rise to (a) two 
jets + missing momentum, (b) di-lepton + missing momentum, or (c) r — e or r — fi 
pairs accompanied by missing momentum signatures. Folding now with the standard 
decays of the virtual Z° one gets the following signatures in e + e~ collisions: (i) two 
jets + missing momentum, (ii) di-lepton + missing momentum, (iii) di-lepton plus 
di-jets + missing momentum, (iv) four jets + missing momentum, (v) four leptons 
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+ missing momentum, (vi) t + t~ pairs plus two jets, and (vii) r — e or r — \i pairs 
accompanied by missing momentum. Some of these signals, for example (vii), do not 
occur in the standard model and, therefore, may be regarded as characteristic of our 
super symmetric decay modes. It also does not appear in the MSSM, thus it appears to 
be a characteristic feature of the broken R parity model. For a sizeable branching ratio 
of iif — > x v i these signals may be sizeable. Moreover, there may be, for some choice of 
parameters, the possibility of Higgs boson decays to charginos, which may also lead to 
novel signatures. 

We have performed our study in the framework of the simplest model with R 
parity violation introduced in an explicit way, aware of the fact that this may face some 
stringent restrictions from nucleosynthesis, which would be interesting to evaluate in 
detail, taking into account the neutral current mediated decay of the v T into three 
neutrinos. We feel justified in using this as a reasonable working model, since the 
novel decays discussed here are also expected in a very general class of models with 
spontaneous violation of R parity, in which the cosmological restrictions are easily 



evaded due to the majoron decays or annihilations of the tau neutrino [14 



Our study opens the issues of how the existence of these novel scalar decay chan- 
nels affect the bounds on the Higgs masses from the LEP experiments and of how they 
can influence the search strategies for Higgs bosons or sneutrinos at the higher energies 
which will be available at LEP200 or LHC We plan to return to these issues elsewhere. 

Finally, we re-stress that striking R parity violating effects are also expected to 
occur in the electroweak gauge currents, leading to sizeable R parity violating Z decays, 
as illustrated in fig. 6. Similary, R parity violating processes could be visible at hadron 
colliders such as the upcoming generation of Fermilab experiments and the LHC. 
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Figure Captions 
Figure 1 

Branching ratio of the lightest Higgs boson into \ v t as a function of the difference of 
the lightest Higgs boson and the sneutrino mass. We have fixed the super symmetric 
parameters /x, tan/5, M 2 and the pseudoscalar mass as shown in the figure. The 
u T mass was varied as indicated by the different curves in the figure. 

Figure 2 

Branching ratio of the lightest Higgs boson into bb as as a function of the difference of 
the lightest Higgs boson and the sneutrino mass. The values of the parameters as well 
as the u T mass are exactly as in the previous figure. 

Figure 3 

Branching ratio of the sneutrino into vv as a function of the sneutrino mass for five 
different values for the tau neutrino mass with the supersymmetric parameters fixed 
as indicated in the figure. 

Figure 4 

Branching ratio of the sneutrino into bb as a function of the difference of the lightest 
Higgs boson and the sneutrino mass. Parameters are chosen as in fig. 3. 

Figure 5 

Branching ratio for sneutrino decays to R parity breaking channels and supersymmetric 
channels, as a function of the sneutrino mass. Parameters are chosen as indicated in 
the text. 

Figure 6 

Z — > x T branching ratio for different values of the lightest chargino and v T masses, 
with the supersymmetric parameters chosen as described in the text. The area under 
each line is the allowed region giving a branching ratio in excess of the indicated value. 
All points satisfy the observational constraints that follow from SUSY particle searches 
as well as neutrino physics (see text). 
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